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Abstract Using a newly identified organomercury lyase
gene (merB3) expression system from TnMERI1, the
mercury resistance transposon first found in Gram-posi-
tive bacteria, a dual-purpose system to detect and re-
move organomercurial contamination was developed. A
plasmid was constructed by fusing the promoterless lux-
AB genes as bioluminescence reporter genes downstream
of the merB3 gene and its operator/promoter region. An-
other plasmid, encoding mer operon genes from merR1
to merA, was also constructed to generate an expression
regulatory protein, MerR1, and a mercury reductase en-
zyme, MerA. These two plasmids were transformed into
Escherichia coli cells to produce a biological system that
can detect and remove environmental organomercury
contamination. Organomercurial compounds, such as
neurotoxic methylmercury at nanomolar levels, were de-
tected using the biomonitoring system within a few min-
utes and were removed during the next few hours.
Introduction
Mercury contamination of the environment, particular by
organomercurial compounds, has caused serious disas-
ters, such as the methylmercury poisoning cases in 
Minamata Bay, Japan, during the 1950s (Harada 1995),
in Iraq during 1971–1972 (Greenwood 1985; Cox et al.
1995), and in the Amazon River Basin, Brazil (Lodenius
and Malm 1998; Grandjean et al. 1999). As mercurial
compounds tend to accumulate through food-chain eco-
systems, the detection and removal of their bioaffecting
forms at low levels of contamination are the major goals
to control mercury poisoning. To detect mercurial com-
ponds, mechanical analysis procedures, such as atomic ab-
sorption spectrophotometry (Omang 1971) or cold-vapor
atomic fluorescence detection (Bloom and Fitzgerald
1988), have been developed. In addition to the laborious
preparation of samples, however, these procedures are
disadvantageous in that they do not distinguish between
the bioaffecting form and the non-bioaffecting inert form
of mercurial compounds, and organomercurial com-
pound chemical species from inorganic mercurial com-
pounds. Furthermore, the removal efficiency at lower
contamination levels is still unsatisfactory using the
physiochemical mercury removal process, although pas-
sive adsorption and immobilization treatments have been
used to eliminate mercury contamination from contami-
nated waste water.
During the mercury cycle in the environment, micro-
organisms can decompose organomercurial compounds
and reduce the resulting inorganic mercury ions to vola-
tile metallic mercury (Silver et al. 1994). One key en-
zyme in this bacterial resistance system is an organomer-
cury lyase that mediates the protonolysis of the carbon-
mercury bond as the first step to detoxify diverse orga-
nomercurial compounds in the environment (Hobman
and Brown 1997). A broad-spectrum mercury-resistant
bacterial strain, Bacillus megaterium MB1, was isolated
from preserved sediment samples of Minamata Bay, and
a mercury-resistance module encoded in a Gram-positive
bacterial class II transposon, TnMERI1, has been identi-
fied from its chromosome (Huang et al. 1999a). Up-
stream of the previously recognized metalloregulatory
gene (merR1) (Helmann et al. 1989; Gupta et al. 1999), a
third organomercurial lyase gene (merB3) with its own
operator/promoter (O/P) region has recently been found
(Huang et al. 1999b); merB3 is oriented in the same 
direction as merR1. The complete structure of the mod-
ule was shown as O/PmerB3-merB3-O/PmerR1-merR1-
merElike-merT-merP-merA-O/PmerR2-merR2-merB2-
merB1 (Fig. 1). This new finding is interesting, because
merB genes previously found from both Gram-positive
and Gram-negative bacteria are located downstream of
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the operon genes and do not have their own regulatory
regions in most cases. As the merB3 gene confers the
broadest spectrum of organomercury resistance on the
bacterial host among the three organomercurial lyase
genes (Huang et al. 1999b) and has its own O/P region, us-
ing the merB3 gene in biological remediation of environ-
mental contamination by organomercurials is an attractive
goal in environmental biotechnology. Furthermore, MerR1
is a regulatory protein controlling the operon genes that
could be expressed to eliminate the mercurials (Helmann
et al. 1989; Gupta et al. 1999). This bacterial genetic
system inspired us to develop a system for simultaneous
detection and removal of organomercurial contamination.
Materials and methods
Bacterial genes and plasmids
To construct the fusion plasmids, all mer operon genes used in this
study were amplified by PCR using the previously cloned mer op-
eron from B. megaterium MB1 as a template DNA (Huang et al.
1999b). The promoterless luxAB genes from Vibrio harveyi (Belas
et al. 1982) was fused downstream of the merB3 gene with its O/P
region (O/PmerB3) from B. megaterium MB1.
The primers were designed from nucleotide sequences of mer
operons encoded in TnMERI1 of B. megaterium MB1 (GenBank
accessions AB036431, AB027306, and AB027307) and Tn5084 of
Bacillus cereus RC607 (GenBank accession no. AB066362). The
primers 2F 5′-AAAGCATGCTACCAACAAATAAGGAA-3′ and
1R 5′-AAAGGATCCTTACGAGTGGTATTTGACGA-3′, respec-
tively, were used to amplify the SphI-luxAB-BamHI region. Prim-
ers, MerB3F 5′-TCAAATAGAGGAGGCAGCAA-3′ and MerB3R
5′-GATAACGTGCCGCCAAAAAC-3′ were used to produce the
PCR product of the entire 730-bp merB3 gene region. The PCR
product was cloned into a vector plasmid pGEM-T Easy (Prome-
ga, Madison, Wis.) to construct pCCH2 (Fig. 1B). The SphI site in
the 3′-terminus of the merB3 gene (Fig. 1A) was used to construct
the 3′-end-defective merB3-luxAB fusion, and the luxAB reporter
genes (SphI-luxAB-BamHI region) were ligated at the SphI restric-
tion endonuclease site of the pCCH2 (plasmid pCCH3 in Fig. 1B).
The 3′-end-defective merB3 construct lacked the last 44 codons of
the merB3 gene. To construct the intact merB3-luxAB fusion, the
SphI fragment of the 3′-terminus of the merB3 gene that included
part of the pGEM-T Easy vector multicloning sites was subcloned
using the PCR product (amplified with MerB3F and MerB3R
primers) and inserted into the SphI site of pCCH3 in the proper di-
rection to form an intact merB3 gene (plasmid pCCH4 in Fig. 1B).
The vector plasmid pHY300PLK (Takara Shuzo, Kyoto, Japan)
is a derivative from pACYC177 (Ishiwa et al. 1984) and can coex-
ist with pUC series vectors in the same Escherichia coli host cell.
A host strain E. coli DH5α containing pGR1A (Huang et al.
1999b), a pUC-based plasmid encoded with the operon genes from
O/PmerR1-merR1 gene to merA gene, was co-transformed with
pCCH4 (Fig. 1). The transformant E. coli DH5α carrying both
plasmids (pCCH4 and pGR1A) was used as the bacterial strain to
detect and remove the organomercurial compounds. Another fu-
sion plasmid, pCCH3 (Fig. 1B), was also co-transformed with
pGR1A. The transformant E. coli DH5α carrying both plasmids
(pCCH3 and pGR1A) was used as a control strain.
Fig. 1 A The mercury resis-
tance module encoded in the
TnMERI1 from the chromo-
some of Bacillus megaterium
MB1. Nine ORFs were identi-
fied in TnMERI1 (arrows) and
three promotor/operater (O/P)
regions were found in the mod-
ule. Dyad symmetrical se-
quences are underlined. Re-
striction enzyme recognition
sites are shown with abbrevia-
tions: B BglII, E EcoRI, H
HindIII, N NcoI, S SphI. The
letters B3, R1, E, T, P, A, R2,
B2, and B1 denote merB3,
merR1, merElike, merT, merP,
merA, merR2, merB2, and
merB1, respectively. B Consti-
tution and physical maps of
pCCH2, pCCH3, and pCCH4
plasmids. C Constitution and
physical map of pGR1A 
plasmid
Bioluminescence assays
The transformants cultured overnight were diluted 100-fold with
Luria-Bertani (LB) broth (Sambrook et al. 1989) containing
100 µg sodium ampicillin/ml and were incubated at 37 °C until the
mid-log phase, when the optical density at 600 nm (OD600) was
0.5–0.6. The cultures were diluted to a final OD600 of 0.04 in an
assay medium (Huang et al. 2001) containing mercurial com-
pounds and were incubated at 37 °C for hours. For luciferase as-
says, an aliquot (290 µl) of culture was transferred to a lumino-
metric cuvette and the biological luminescence reaction was start-
ed by adding an aliquot (10 µl) of 10% 1-decanal (v/v, dissolved in
ethanol). Light produced by the cloned bacterial strains having
luxAB gene fusion plasmids was monitored using a Lumat LB
9507 luminometer (EG and G Berthold, Bad Wildbad, Germany)
and the total light emitted during 6 s after adding the decanal solu-
tion was recorded as luminescence units (LU).
The total LU of each OD600 unit of bacterial culture was calcu-
lated, and the relative luminescence activities (RLA) induced by
the mercurial compounds were calculated by the ratio between
LUs of each OD600 unit of culture induced and uninduced condi-
tions. The mean values of RLA were calculated from three inde-
pendent measurements with their standard deviations.
Organomercury removal capability
The concentration of total mercury remaining in the bacterial cul-
tures was measured using a flameless atomic adsorption spectro-
photometer (SP-3D, Nippon Instruments, Tokyo, Japan).
Results
Detection and removal of mercury ion
Since MerR1 protein is induced as an activator only by
inorganic mercuric ion (Helmann et al. 1989) and MerR1
is the regulator of merB3 (Huang et al. 2001), mercury
chloride was added as an inducer to characterize the
system. Light emissions at 10 µM, 1 µM, and 0.1 µM of
mercury chloride were examined. The light emission 
intensity depended on the concentration of mercury 
chloride (Fig. 2A). As the merR1 gene, along with the
other operon genes, was constructed separately from
O/PmerB3, the result shows that MerR1 protein is a
trans-acting element that can regulate the expression lev-
el of MerB3 depending on the concentration of inorganic
mercuric ion. The result also indicates the possibility of
the system to detect bioaffecting inorganic mercury at
concentrations ranging from several hundred nanomolars
to micromolars (Fig. 2A).
Even though there was a 100-fold difference in the
mercury concentration, from 0.1 µM to 10 µM, the re-
moval percentage of each tested concentration of mercu-
ry chloride was 90% (Fig. 2B) at the end of the exponen-
tial phase of bacterial growth (data not shown). A con-
trol experiment to compare the mercury chloride remov-
al activity between E. coli DH5α/pGR1A and E. coli
DH5α/pGR1A, pCCH4 was carried out. The results
showed that the coexistence of pCCH4 did not affect the
activity of mercury removal (data not shown).
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Detection and removal of methylmercury 
or phenylmercury
To detect methylmercury, light emissions from media
containing 0.5 µM, 0.1 µM, 0.01 µM of methylmercury
chloride were tested. The light emission intensity also
depended on the concentration of methylmercury
(Fig. 3A). The result indicates that the sensor system re-
sponded to methylmercury over a concentration range of
several tens of nanomolars and was more sensitive to
methylmercury than to inorganic mercury. On the other
hand, no response to the presence of methylmercury was
observed when the defective merB3 gene with luxAB
fusion plasmid pCCH3 was used instead of pCCH4
(Fig. 3A).
Figure 3B shows the removal characteristics of meth-
ylmercury. Even though the culture medium contained
only 10 nM of methylmercury, 80% of the organomercu-
rial compound was removed during the first 8 h by E. coli
DH5α/pCCH4, pGR1A (Fig. 3B). The insignificant
amount of removal by the bacterial strain having pCCH3
plasmid was consistent with the result of the light emis-
sion experiments (Fig. 3B). Furthermore, removal activity
by the bacterial strain carrying plasmid pCCH4 only (E.
coli DH5α/pCCH4) was not observed (data not shown).
Fig. 2 A Relative luminescence activities of E. coli DH5α/
pCCH4, pGR1A induced with mercury chloride (MC). Striped
bars E. coli DH5α/pCCH4, pGR1A. B Comparison of MC remov-
al abilities by E. coli DH5α/pCCH4, pGR1A at several mercury
concentrations.  Concentration of 0.1 µM MC,  concentration
of 1.0 µM MC,  concentration of 10.0 µM MC
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Simultaneous detection and removal of other organo-
mercurial compounds, such as phenylmercury, were also
examined (Fig. 4A, B). The result showed that the sensi-
tivity for detecting phenylmercury was between the sen-
sitivity measured with inorganic mercury ion and that
with methylmercury. This may reflect the uptake of the
mercurial compounds, as the removal efficiency of phe-
nylmercury by the transformant was worse than that of
methylmercury (Fig. 3B and Fig. 4B); however, the role
of the substrate specificity of organomercury lyase
should also be considered in future studies.
Discussion
Here we have demonstrated the ability of a biosensor to
simultaneously detect and remove both organo- and inor-
ganic mercurials. The system could detect concentrations
of bioaffecting inorganic mercury ranging from several
hundred nanomolars to micromolars (Fig. 2A). The sen-
sor system is even more sensitive in the presence of the
severely neurotoxic methylmercury. No response to the
presence of organomercury was elicited when plasmid
pCCH3, containing the defective merB3 gene, was used
instead of pCCH4 (Fig. 3A). This result implies that the
biosensor can distinguish organomercury from inorganic
mercury, since inorganic mercurials induced biolumines-
cence of the bacterial strain carrying either pCCH3 or
pCCH4, while organomercurials only induced biolumi-
nescence by bacteria with pCCH4. The result also recon-
firms that MerB3 enzyme is needed to produce the inor-
ganic mercury ion needed to trigger the gene expression
regulated by metalloregulatory protein MerR1 (Huang et
al. 2001).
Why methylmercury increases the sensitivity of the
gene expression system compared with the sensitivity
measured with inorganic mercury ion is still unknown.
As organomercurial compounds take advantage of the
membrane permeability, the difference in uptake routes
between organomercurials and inorganic mercury ion
(Kiyono et al. 1995) may be an important factor affect-
ing the sensitivity of detection by bioluminescence mer-
cury sensor systems.
The importance of the MerB3 in both detecting and
removing methylmercury was also emphasized by the re-
sults. Among the three bacterial clones having organo-
Fig. 3 A Relative luminescence activities of E. coli DH5α/
pCCH3, pGR1A or E. coli DH5α/pCCH4, pGR1A induced with
methylmercury chloride (MMC). Open bar E. coli DH5α/
pCCH3, pGR1A, striped bars E. coli DH5α/pCCH4, pGR1A. 
B Comparison of MMC removal abilities by E. coli DH5α/
pCCH4, pGR1A at several mercury concentrations.  Concentra-
tion of 0.01 µM MMC,  concentration of 0.1 µM MMC,  con-
centration of 0.5 µM MMC
Fig. 4 A Relative luminescence activities of E. coli DH5α/
pCCH3, pGR1A or E. coli DH5α/pCCH4, pGR1A induced with
phenylmercury acetate (PMA). Open bar E. coli DH5α/pCCH3,
pGR1A, striped bars E. coli DH5α/pCCH4, pGR1A. B Compari-
son of PMA removal abilities by E. coli DH5α/pCCH4, pGR1A at
several mercury concentrations.  Concentration of 0.05 µM
PMA,  concentration of 0.5 µM PMA  concentration of
5.0 µM PMA
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mercury lyase genes from TnMERI1 (Huang et al.
1999b), only the clone carrying the merB3 gene was re-
sistant to methylmercury. These results strongly indicate
that bacterial resistance against methylmercury depends
on the effective decomposition of methylmercury by
MerB3.
While many mercury biosensors have been developed
based on the regulatory gene merR and its expression
system (Selfonova et al. 1993; Klein et al. 1997; 
Rasmussen et al. 1997), a system based on an organo-
mercury lyase gene (merB3) and its expression system
has not been developed previously. Our study describes a
prototype of a biological detection system to estimate the
bioavailability of toxic organomercurial compounds and
the advantage in simultaneous removal of hazardous en-
vironmental contaminants.
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